Abstract-Gold nanostructures can undergo plasmonic behavior without need of light couplers like in traditional surface plasmon resonance (SPR) systems. This effect, known as LSPR (localized SPR), can be exploited to develop optical biosensors in simple configuration. In this paper, an LSPR system based on gold lines nanopattern as transducer has been developed by using a common laboratory spectrophotometer as reader and an adapted flow cell. This novel system was applied to anti-immunoglobulin G (IgG) detection, as proof of concept. For this purpose, the transducer surface was covalently biofunctionalized with IgG and incubated with increasing concentrations of anti-IgG. The response was determined by measuring changes in light transmission spectra (Δλ, in nanometers). Contrary to other reported nanopatterns, biosensor features as repeatability, regeneration, and detectability have been deeply studied. Results indicate that the system can act as a robust and regenerable biosensor with a limit of detection of 5.98 ± 1.34 nM.
I. INTRODUCTION

S
URFACE plasmon resonance (SPR) biosensors have been extensively applied in last decades to the detection of a wide range of targets in environmental, clinical, and food safety fields [1] . The transducer of these optical sensors is based on a thin gold surface where the light has to be coupled by means of a prism [2] , [3] or a grating [4] , [5] . The plasmon consists of collective oscillations of free electrons at the interface of the gold and a dielectric. For a certain frequency range of the exciting field, a resonant behavior can occur with enhanced near-field and strong absorption of the electromagnetic waves.
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The conditions of resonance are sensitive to the refractive index (RI) variation of the surrounding materials of the metal [1] , [6] , allowing significant applications of plasmonics in biosensors development. In the past years, studies in plasmonics have shown that surface plasmons can also be excited by using subwavelength metallic structures without need of light couplers [7] - [9] . This effect, known as localized SPR (LSPR), has been proven in nanoparticles [10] - [12] and also in nanopatterned surfaces with different geometries, including nanoholes, nanogrids, and nanoslits or nanolines [13] - [15] . These sensing systems based on metallic nanostructures have potential towards easy device miniaturization and high-throughput detections, so they are ideal transducers to develop novel real time and label-free nanotechnology-based biosensors.
Nanopatterned surfaces can be fabricated by using electron beam lithography (EBL) [8] , [16] , [17] , nanoimprint techniques [18] - [20] , or laser interference lithography (LIL) [21] - [24] . Besides perfect monodispersion and size homogeneity, LIL offers the possibility of obtain a great area (up to 100 cm 2 depending on the period) in low time, constituting a suitable tool for mass fabrication [23] .
The application of nanopatterns to LSPR biosensing is still a bit limited. Determination of analytes is not very reported in literature, and when it is, the characterization of the assay is very scarce [13] , [15] , [25] , [26] . Topics such as reproducibility, surface regeneration, and limits of detection should be elucidated in order to know the real analytical possibilities of the nanopatterned surfaces. Regarding the setups for transducer interrogation, tailor-made optical assemblies based on polarized light, lens, optical fibers, spectrometric detectors, and other optical components are usually employed.
The use of this technology could increase in laboratories if no special optical equipment is necessary for its application. Taking into account the easy plasmon generation in metallic nanostructures, in this paper, we propose the use of a commercial spectrophotometer as optical reader to develop a plasmonic biosensor based on a gold nanopattern. Common spectrophotometers are available in most of laboratories and can be an easy-to-use tool to monitor molecular interactions by measuring changes in the transmission spectra of the transducer.
A special flow cell, where the transducer is emplaced as window, has been designed to allow the interaction of transducer with the solutions and with the light. The transducer, based on gold nanolines deposited over glass, was accurately and easily fabricated by LIL. The sensor was applied to protein detection by employing IgG/anti-IgG model. In addition, deep analytical characterization-normally unreported in literature for nanopatterns-has been developed. Features as reproducibility, regeneration and sensitivity of the sensor have been deeply studied, indicating that the system can be a useful analytical tool.
II. MATERIALS AND METHODS
A. Chemicals and Immunochemicals
Triton X-100, sodium hydroxide (NaOH), hydrogen peroxide (H 2 O 2 ), mercaptoundecanoic acid (MUA), octanethiol (OT), ethanolamine (EA), rabbit IgG (purified by chromatography), and goat antirabbit IgG (purified by immunochromatography) were supplied by Sigma-Aldrich (St. Louis, MO, USA). N -Hydrosulfosuccinimide (sulfo-NHS) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (ECD) were supplied by Thermo Scientific (Rockford, IL, USA). Ammonia (NH 3 ) and absolute ethanol (EtOH) was supplied by PANREAC (Barcelona, Spain). Glycerin and bovine serum albumin (BSA) were supplied by Bio-Rad laboratories (Hercules, CA, USA). The purity degree was 95%-99% in all cases.
B. Solutions, Buffers, and Standards
Cleanup solution A is an aqueous solution containing 1% Triton X-100 and 0.1 M NaOH. Cleanup solution B is an aqueous solution containing NH 3 :H 2 O 2 :H 2 0 in 1:1:5 volume proportion. mSAM solution is degassed EtOH containing 3.5 mM MUA and 7.5 mM OT. Activation solution is an aqueous solution with 50 mM sulfo-NHS and 25 mM ECD. Capping solution is an aqueous solution 0.5 M EA. Phosphate-buffered saline (PBS) is 10 mM phosphate buffer with 0.8% saline solution, pH 7.5. IgG and anti-IgG stocks were prepared at 1 mg/mL in PBS. 1 μM (150 μg/mL) IgG solution was prepared by dilution for surface functionalization. Different anti-IgG solutions were prepared in PBS for calibration of the sensor in 0-350 nM range. NaOH aqueous solutions (0.1-0.3 M) were prepared for the regeneration of the sensing surface. BSA (100 nM) solution was prepared in PBS for specificity studies. For bulk sensitivity measurement, aqueous glycerin solutions (0%-37%, weight percentage) were prepared dissolving different amount of glycerin in ultrapure water.
C. Sensor Setup
The nanopattern surface (∼15 × 8 mm) is composed by gold nanolines deposited on planar glass substrate. The period is ∼600 nm, the width is ∼360 nm, and the thickness is ∼50 nm [see SEM in Fig. 1(A) ]. The nanopattern is placed in the flow cell as window. For sealing of the system, a silicone gasket (ellipsoidal hole 12 × 5 mm) is placed between surface and cell and pressure is exerted by a tap with screws. Tygon tubes (i.d. 1.2 mm, e.d. 2.72 mm) are attached to the cell for the loading of solutions. Transmission spectra were registered with commercial spectrophotometer Shimadzu UV-1800 (20 W halogen/deuterium lamp, range 190-1100 nm, spectral 
D. Fabrication of Nanopattern
The nanopattern surface was fabricated by using LIL [23] . A stack with three layers was deposited on top of the glass surface (3.5 cm × 6.4 cm, optical quality borosilicate glass): an antireflective coating (ARC), to minimize the reflection from the substrate; a thin SiO 2 layer, in order to improve the pattern transfer; and a photoresist layer where the pattern was created initially. This was made by exposing the sample to an UV interference pattern using a Lloyd's mirror setup with a He-Cd laser (λ = 325 nm) and developing it. Photoresist lines pattern was transferred to SiO 2 and ARC layers by means of a reactive ion etching (RIE) of CF 4 and O 2 gases, respectively, until a pattern of ARC lines on top of the substrate was obtained. After that, a gold layer (∼50 nm) was deposited on the sample between the ARC lines and on top of them, by using an e-beam evaporator. A very thin chromium (∼3 nm) interlayer was deposited before the gold in order to improve the adhesion between gold and glass. The sample was subjected to a liftoff process where ARC lines were removed from the surface taking with them the surplus gold and leaving the desired nanostructure of gold lines on the glass surface. Finally, the surface was cut in ∼15 mm × 8 mm pieces. 
E. Biofunctionalization of the Gold Nanopatterned Surface 1) Cleanup of the Nanopattern:
The surface was immersed in cleanup solution A (3 mL) and sonicated for 5 min. Then, it was rinsed with milliQ ultrapure water and immersed in cleanup solution B (3 mL) and sonicated again. This way, the surface contamination is removed by means of desorption and oxidation. After rinsing with ultrapure water, the surface was immersed in EtOH (3 mL) and sonicated for 5 min more, rinsed with water, EtOH, and dried under N 2 stream.
2) mSAM Formation and Activation:
The surface was immersed in mSAM solution (3 mL) for 2.5 h, rinsed with EtOH, dried under N 2 stream, and placed in flow cell. Activation of the MUA carboxylic groups was accomplished by loading the cell (150 μL) with activation solution. After 20 min of incubation, the surface was rinsed with degassed PBS. This step introduces a functional linker to couple the antigen.
3) Antigen Immobilization: A rabbit IgG solution (150 μg/mL, PBS) was loaded in the cell to produce the covalent attachment via active ester method. After 50 min of incubation, the surface was rinsed with degassed PBS.
4) Capping:
To neutralize the unreacted carboxylic groups, the capping solution was loaded in the cell. After 5 min of incubation, the surface was rinsed with degassed PBS. Fig. 1(B) reflects a summarized scheme of the protocol steps (1 and 2).
Transmission response (%T ) was registered at the end of each step to monitor the changes in spectra. All spectra were registered when the surface was in contact with degassed PBS. The loading of the solutions was developed through the tubes attached to the flow cell by using a syringe [see Fig. 1(A) ].
F. Bulk Sensitivity
For bulk sensitivity measurement, solutions with different RI were assayed in the nanosensor. Aqueous solutions with 0%, 6%, 14%, 22%, 29%, and 37% in glycerin and RI 1.333, 1,340, 1.350, 1.360, 1.369, and 1.380, respectively (tabulated data [27] ) were loaded in the cell and the transmission spectra were registered. Linear regression was constructed by representing λ min (in nanometers) versus RI [RI units (RIUs)]. The slope of the curve (nm/RIU) represents the sensitivity of the system.
Previous response simulation was developed by using finitedifference time-domain (FDTD) software in a two-dimensional (2-D) configuration. The simulated nanolines pattern had a period of 600 nm, a width of 360 nm, and a thickness of 50 nm. The gold nanolines were defined over 3 nm of chromium; both metals modeled using a Lorentz-Drude function [28] . The use of periodic boundary conditions (PBCs) in the edges of the Xaxis (perpendicular to the light propagation direction) reduced the simulation window size to only one period of the pattern. As simulation parameters, a mesh cell size of 5 nm in the Xaxis, 1 nm in the Z-axis (light propagation axis), and a total simulation time of 30 fs were employed. This structure was simulated for different RI as surrounding media (1.333, 1.340, 1.350, 1.360, 1.369, and 1.380).
G. LSPR Immunosensor Protocol
A protocol to work under direct format conditions was developed.
Binding: The anti-IgG standards (0-350 nM in PBS) were loaded into the cell by using a syringe. After 25 min of incubation in static conditions, the surface was rinsed with degassed PBS.
Regeneration: A 0.3 M NaOH solution was loaded into the cell. After 5 min of incubation, the surface was rinsed with degassed PBS. Transmission spectra (%T ) were registered at the end of each incubation step. For total regeneration of surface, O 2 plasma was applied for 10 min. Fig. 1(B) reflects the summarized scheme of the protocol steps (3, 4, and 5).
Calibration curves were built by representing Δλ (nm) versus anti-IgG concentration (nM), fitting the response to hyperbola correlation. Different curves were represented, with and without regeneration between binding cycles. Several criterion of response were assessed, Δλ for λ min and Δλ for a constant value of %T (15%). 
H. Reproducibility of the LSPR Assay
Reproducibility of the system was assessed by calculating the response to increasing concentrations (0-350 nM) of antiIgG analyte in different surfaces (intersurface) in different days (intrasurface). For intersurface studies, different new surfaces (n = 3) were employed, and for intrasurface studies the same surface was regenerated (after the last binding cycle) and reused in different days (n = 3). The reproducibility of the system was also studied by applying regeneration after each binding cycle.
I. Regeneration of Surface
Total regeneration, to remove any molecule on the surface, was performed applying O 2 plasma for 10 min using the RIE equipment. Partial regeneration, to undo antigen-antibody interaction, was studied by employing basic solutions at different concentrations. Solutions 0.1 and 0.3 M NaOH were assayed in the cell after the binding steps. The repeatability of the response after regeneration process, total and partial, was assessed measuring the response to increasing concentrations of anti-IgG (0-350 nM).
J. Detectability and Specificity
Limit of detection (LOD) was calculated as the concentration which produces the minimal detectable signal, limited by resolution or data pitch of the instrument, 0.1 nm. Three calibration curves were employed to establish a mean estimation of the LOD (X ± S).
The specificity of the sensor was assessed by comparing the mean signal of analyte (anti-IgG, 100 nM) with the mean signal generated by other unspecific biomolecule, BSA at same concentration (100 nM).
III. RESULTS AND DISCUSSION
Noble metal nanostructures can be used to develop biosensors in simple optical configuration and without need of light couplers [8] , [13] , [15] , [16] , [25] , [26] , [29] , [30] . In this paper, an LSPR sensor based on gold nanopattern surface and common laboratory spectrophotometer has been developed. For it, a compatible flow cell has been designed. The cell, constructed in polypropylene material, has a volume of 150 μL and allows the contact between the solution and nanopattern, which is emplaced as window (∼15 × 8 mm) . The nanopattern, accurately fabricated by LIL, is composed by gold nanolines deposited on planar glass substrate (period ∼600 nm, width ∼360 nm, and thickness ∼50 nm). This technique allows obtaining about 20 cm 2 of the lines pattern in a homogeneous way. So up to n = 14 surface pieces (15 mm × 8 mm) could be achieved in an only fabrication process. To monitor the response (changes in λ), the transmission spectra at normal incidence were registered [see Fig. 1(A) ].
Prior fabrication and in order to assess the sensitivity of the system to RI changes, previous optical simulations were performed by using an FDTD software, a commonly used algorithm in the design of photonic crystals due to its accuracy [20] , [25] . The lines were defined as a 2-D stack of 50 nm of gold over 3 nm of chromium with 360 nm of width; both metals modeled using a Lorentz-Drude function [28] , [31] . Calculations are made using a simplified model of the system. The model does not take in account imperfections present in the nanopattern and, on the other hand, only few microns of surface are simulated. Therefore, some difference can appear compared to real measurements. The results were compared with those obtained experimentally by measuring the spectra of solutions with known RI (different% glycerin). The simulated and measured spectra are shown in Fig. 2(A) and (B) , respectively. Representation of peak position versus RI is reflected in Fig. 2(C) . As shown, high concordance has been found in both spectra in terms of shape and position. The difference in predicted position was not larger than 2 nm for any RI. The found bulk sensitivity was 527 and 587 nm/RIU for simulated and measured spectra, respectively. These values are very similar to other provided by other authors (400-590 nm/RIU) using gold nanostructures with the same periodicity [8] , [26] , [30] , [32] .
As proof of concept of immunosensor, the transducer was biofunctionalized with rabbit IgG (antigen) for the posterior detection of anti-IgG [see Fig. 1(B) ]. The coating process was based on covalent immobilization of the antigen by means of mixed SAM, an efficient reported strategy to functionalize gold biosensing surfaces [2] , [4] , [33] . Other authors have applied adsorption techniques to immobilize the antigen on gold nanopatterned surfaces [13] , [15] , [25] , [26] . But in this paper, a very stable biofunctionalization was required in order to reuse the surface in a cyclic way. The covalent immobilization was developed in PBS buffer at 150 μg/L (IgG) and a change in plasmon position of 1.9 ± 0.3 nm was registered (n = 3 surfaces). This step was also developed at 500 μg/L and no significant difference in coating signal was found, indicating that by applying 150 μg/L the saturation of the surface is almost achieved.
To study the response of the analyte in the plasmonic biosensor, the functionalized surface was incubated, for 25 min, with increasing concentrations of anti-IgG as indicated in Fig. 3(A) . The flow cell was loaded with the different solutions in a sequential way, and the spectra were registered after washing with PBS. The spectrum of each incubation is shown in Fig. 3(B) . For increasing concentrations, the transmission band is displaced to the right as consequence of increment of the local RI. In order to obtain a robust system, two response parameters were assessed, the change in λ min (Δλ min ) and the change at constant T% value, for example 15% (Δλ T 15% ). As shown in Fig. 3(C) (Δλ versus concentration), better correlation (R 2 = 0.975) and reproducible response (lower error bars) were achieved by using Δλ T 15% . The reproducibility for Δλ T 15% was higher in a factor of 2. Furthermore, for low analyte concentrations (∼8 nM), Δλ min showed especially high variability, contrary to Δλ T 15% . Therefore, Δλ T 15% was employed as response of the biosensor. In Table I , these data are summarized.
In order to reuse the surface, total regeneration was performed by applying O 2 plasma. After this step, the surface was rebiofunctionalized and incubated with increasing concentration of analyte as explained above. In Fig. 3(D) , the response for new and regenerated surface (same surface) is shown. This experiment was carried out for two surfaces, 1 and 2. As indicated in the bar graphs, the response was very similar after regeneration with plasma in all cases. So the reusability of the surfaces is confirmed. The next step for the characterization of the sensor was the assessment of the variability intrasurface and intersurface in terms of analyte response (0-333 nM). Experiments (n = 3) using the same (regenerated) surface were developed in order to know intrasurface variability and experiments (n = 3) using different new surfaces were developed in order to know intersurface variability. These results are shown in Fig. 4 (B) and also in Table I . The data indicate that the system and the applied protocols provide a reproducible response.
The regeneration of antigen-antibody interaction was studied by applying basic solutions (for 5 min) after the anti-IgG incubation step. So the biofunctionalized surface could be reused in a cyclic mode [see Fig. 4 (B)] and incubated with any analyte concentrations, not necessarily in an increasing way, as performed earlier. NaOH was used as regeneration solution at two concentration levels (0.1 and 0.3 M). As indicated in Fig. 4(C) , 0.1 M is enough to regenerate the 1-3 cycles (signals lower than 1 nm), but for cycles 4 and 5 (signals higher than 1 nm), the regeneration was incomplete. However, 0.3 M NaOH solution provides complete regeneration in all cases. Therefore, NaOH 0.3 M was the selected solution to develop the regeneration of antigen-antibody interaction. The repeatability of the signal for n = 4 cycles (100 nM anti-IgG) is reflected on Fig. 4(D) . In this case, the coefficient of variation (%CV) was 5.4. In Fig. 4(E) , the response for increasing concentrations of anti-IgG is shown. If results of Fig. 4 (E) are compared with the results of Fig. 4(A) , lower responses are found in Fig. 4(E) . But in this case, regeneration IgG/anti-IgG was applied. Therefore, the signal is not accumulative, as indicated in Fig. 4(A) . Once fixed the conditions for IgG/anti-IgG regeneration, a calibration curve was constructed. The curve was performed in a cyclic way as shown in Fig. 5(A) . The obtained changes in spectrum are reflected in Fig. 5(B) . In Fig. 5(C) , the mean curve (Δλ T 15% versus [anti-IgG]) for three different days are represented (see data in Table II ). The features of the LSPR assay are summarized in Table III . The limit of detection, 5.98±1.34 nM, was calculated as the concentration producing the minimal resolvable signal (0.1 nm). Other reported biosensors detecting antibodies by using nanopatterns have achieved slightly lower LODs (0.1-0.3 nM for anti-BSA IgGs), but these works employ optimized setups for plasmonics and they are capable of detecting lower response changes [25] , [26] . Possibly, the LOD could be improved (if necessary) by using polarized light and/or working in kinetic mode. This mode would imply the monitoring of changes over time at constant λ (%T versus time). In addition, the use of a constant flow rate (pumping) would accelerate the binding to the surface [25] , [26] . On the other hand, other critical factor in detectability is the affinity of antigen-antibody, which could be different to BSA-anti-BSA affinity.
Finally, in order to assess the specificity of the LSPR sensor, the anti-IgG signal (100 nM) was compared with the signal of an unspecific analyte, BSA (100 nM). The anti-IgG signal, 1.34 ± 0.07 nm, was significantly higher than BSA signal (0.07 ± 0.07).
IV. CONCLUSION
An LSPR biosensor based on gold nanolines patterned surface has been developed by using a flow cell adapted to commercial spectrophotometer. The flow cell emplaces the surface as window at normal incidence respect to the light beam. The interrogation method, based on measurements of Δλ in transmission spectra, constitutes an easy monitoring of biomolecular interactions. The covalent biofunctionalization of the surface tolerates the basic regeneration of antigen-antibody interaction, allowing the reuse of the surface in a cyclic way. Moreover, when necessary, total regeneration of the surface is also possible by applying plasma. The working format here applied allows the direct label free IgG detection in less than 30 min in a specific (no response to BSA) and sensitive mode (LOD in low nM range). Furthermore, the developed protocol for LSPR assay was reproducible between different days and also between different surfaces. These features constitute a robust analytical tool suitable to detect other targets by using the appropriate bioreceptors. On the other hand, the sensitivity of the nanopattern to refractive index (nm/RIU) was well predicted by simulation, indicating the potential of this tool to optimize the system. In addition, the interrogation method and the LSPR signal nature could lead to the development of efficient miniaturized devices.
